In this letter, we report an oleic acid ͑OA͒-capped CdSe quantum-dot sensitized solar cell ͑QDSSC͒ with an improved performance. The TiO 2 / OA-CdSe photoanode in a two-electrode device exhibited a photon-to-current conversion efficiency of 17.5% at 400 nm. At AM1.5G irradiation with 100 mW/ cm 2 light intensity, the QDSSCs based on OA-capped CdSe showed a power conversion efficiency of about 1%. The function of OA was to increase QD loading, extend the absorption range and possibly suppress the surface recombination. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3117221͔ Dye-sensitized solar cells ͑DSSCs͒, with a mechanism close to photosynthesis by plants, has attracted much attention as an efficient low cost photovoltaic cell.
Dye-sensitized solar cells ͑DSSCs͒, with a mechanism close to photosynthesis by plants, has attracted much attention as an efficient low cost photovoltaic cell. 1 A power conversion efficiency ͑PCE͒ of up to 11% has been achieved using a ruthenium complex as the sensitizer. 2 As an alternative to dye sensitizers, quantum dots ͑QDs͒ made of CdS, 1 PbS, 3 CdSe, 4 InAs, 5 and InP ͑Ref. 6͒ have been explored to function as the sensitizer in the so-called QD-sensitized solar cells ͑QDSSCs͒ because these QDs have large extinction coefficient and proper energy level for effective electron transfer to the conduction band of TiO 2 or ZnO upon visible light irradiation. 7, 8 Moreover, QDs have a size-dependent bandgap due to quantum confinement effect, which makes them suitable for full solar spectrum absorption by mixing QDs with various sizes. It was also reported that multiple exciton generation effect exists in QDs, 9 leading to a high quantum efficiency, for example, PbSe and PbS QDs with an incident photon-to-current conversion efficiency ͑IPCE͒ of more than 100% was reported. 10 Among various semiconductor QDs, CdSe QD has been extensively researched. 11 Although QDs have unique advantages compared to organic dyes to be used as the alternative sensitizers for solar cell, their power conversion efficiency is still very low. The poor performance of the QDSSCs can be primarily attributed to the two following reasons. ͑1͒ It is difficult to obtain smoothly covered QD layer on TiO 2 surface by chemical adsorption. ͑2͒ There is a lack of suitable electrolyte for efficient and stable QDSSCs without degradation. 12 Many methods have been reported to improve the adsorption of QDs on TiO 2 and enhance the light harvest. For example, Robel et al. 13 assembled CdSe QDs onto TiO 2 film using a bifunctional surface linker, realizing a photonto-charge conversion efficiency of 12%. Lee et al. 4 exchanged trioctylphosphine oxide ͑TOPO͒ ligands with pyridine and fabricated the pyridine capped CdSe QDSSCs, which render a power conversion efficiency of 1.7% using cobalt ͑II/III͒-based redox system under 0.1 Sun.
In this letter, we report an improved QDSSC based on CdSe QD sensitizer capped by oleic acid ͑OA͒. By comparing the performance to that of the QDSSC with TOPOcapped CdSe photoanode, we shall show that using OAcapped QD helps to increase the QDs loading and light harvesting through fast exchanging OA with the bifunctional surface linker. Figure 1͑a͒ shows the OA and TOPO molecular structures, with zigzag chain and tetrahedron configurations respectively.
OA-capped QD was synthesized by hot-injection method. 14 The process is described briefly as follows. In a three-neck flask, a 70 ml octadecene ͑ODE͒ solution containing 5.54 g OA and 0.51 g CdO was first heated to 180°C to form a clear solution under N 2 atmosphere. After that, it was heated up to 230, 250, 270, and 290°C, respectively, to obtain different sizes of QDs. TOP-Se solution ͑1.3 mmol Se powder and 0.5 g trioctylphosphine dissolved in 10 ml ODE, stirred more than 1 h͒ was quickly injected into the flask ͑within 40 s͒. The heater was removed 1.5 min later to stop the reaction. Finally, methanol and acetone were added to precipitate QDs, which were then dissolved in toluene for a͒ Electronic mail: exwsun@ntu.edu.sg. Figure 1͑b͒ shows the absorption ͑black line͒ and emission ͑red line͒ spectra of four different sizes of OA-capped QDs in toluene. Four distinct absorption peaks are present in the visible region corresponding to the particle size. And the shift of absorption to shorter wavelength with the decrease in the particle size implies the quantum confinement effect in these particles. 11 From the excitonic transition wavelength ͑524, 555, 592, and 603 nm͒, we identified the sizes of these QDs as 2.5, 3, 4, and 4.5 nm, respectively. 16 TiO 2 paste was coated on the surface of a fluorine-doped SnO 2 ͑FTO͒ substrate ͑15 ⍀ / ᮀ, Solaronix͒ by doctorblading technique. After annealing at 450°C for 1 h, TiO 2 paste was transformed to a mesoporous film ͑thickness 5 m, area of 25 mm 2 ͒ suitable for QDs loading. For maximum QD loading, the TiO 2 film was first modified with mercaptopropionic acid ͑MPA͒ linker, 13 then it was immersed in QD solution. Figure 2͑a͒ shows OA and TOPO ligands exchange with MPA linker. Based on well-known hard and soft acids and bases theory, 17 the hard-hard or soft-soft molecules or ions form a strong binding, owing to the polarizability of electron cloud. The Cd 2+ and Se 2− ions are classified as soft ions and have stronger interaction with soft "-SH ͑from MPA͒" but not hard "-COOH ͑from OA͒." Although the OA molecules with linear carbon-carbon structure is easy to form a denser cover layer than TOPO molecules on the surface of CdSe, preventing other capping agent from approaching CdSe QD, the weak bonding between carboxyl function group ͑-COOH from OA͒ and CdSe weaken the capping effect. During the period of dynamic dissociation and association of ligand, the MPA molecule can form rather strong bonding with CdSe ͑soft SH from MPA and soft Cd 2+ or Se 2− ions͒. The different strengths of bonding enhance the ligand exchange between OA and MPA. On the other hand, the structure of TOPO molecule ͓Fig. 1͑a͔͒ has large steric hindrance results in the repellence toward foreign molecules such as MPA. Moreover, the soft "-PO" functional group interact strongly with CdSe. Hence, the usage of TOPO as capping agent results in a low rate of ligand exchange between TOPO and MPA ͓Fig. 2͑a͔͒. Hence, the modification of CdSe QD capping plays a key role to improve CdSe loading on the TiO 2 film. After OA and MPA ligand exchange, MPA links QD and TiO 2 by a thiol ͑-SH͒ and carboxylate group ͑-COOH͒, respectively. Figure 2͑b͒ shows the absorption spectra of the QDsensitized over 5-m-thick TiO 2 layer after immersing TiO 2 electrodes in 3 nm OA and TOPO-capped QD solutions for 6 and 24 h respectively. The transmission electron microscopy image ͓inserted in Fig. 2͑b͔͒ shows the morphology of the 3 nm OA-capped CdSe QD on TiO 2 . The incorporated amount of CdSe in the TiO 2 film can be evaluated by the absorbance at the first absorption peak using the BeerLambert's law. 16 The optical density of the OA-capped CdSe sensitized film is about 1.7 times higher than that of the TOPO-capped CdSe judging from their absorption peak. As the molar extinction coefficients of the two sensitizers are the same, the amount of OA-capped QDs adsorbed by MPAmodified TiO 2 electrode is about 1.7 times of that of TOPOcapped QDs. The lower optical density of the TOPO-capped CdSe QD sensitized film is caused by a lower loading of CdSe QDs, which is consistent with the explanation of the ligands exchange process ͓Fig. 2͑a͔͒. It can be seen that there is the redshift of the absorption edge in Fig. 2͑b͒ compared to the QD solution absorption plots in Fig. 1͑b͒ . The reason is not very clear at the moment. However, according to the previous reports, it is possible that the redshift is caused by QD aggregation and coalescence. 18 Separated by a 60 m thermal-plastic spacer, the CdSe QD sensitized TiO 2 electrode and a 200 Å platinum-coated indium tin oxide ͑ITO͒ glass counterelectrode were bonded by epoxy forming a cell. Two kinds of electrolytes were used and compared in our experiment: ͑1͒ iodide/triiodide ͑I − / I 3 − ͒ electrolyte composed of 0.1M I 2 , 0.1M LiI, 0.5M terbutylpyridine, and 0.6M 1-hexyl-3-methylimidazolium iodide in methoxy-acetnnitrile and ͑2͒ polysulfide electrolyte consisting of 2M Na 2 S and 3M S ͑pH adjusted to 12.5͒. The active cell area was 0.25 cm 2 . The solar cells with OA-capped CdSe sensitizers of 2.5, 3, 4, and 4.5 nm were named as sample A, B, C, and D, respectively, and the TOPO-capped 3 nm CdSe control sample was referred as sample E for comparison purpose. Figure 3͑a͒ shows the current-voltage ͑I-V͒ characteristics of samples A-E with the iodide electrolyte under a simulated AM1.5G solar irradiation with a light intensity of 100 mW/ cm 2 . From Fig. 3͑a͒ , it can be seen that the performance of OA-capped CdSe SSCs is much higher than that of the TOPO-capped CdSe QDSSCs. With iodide electrolyte, the PCE of sample C ͑0.97%͒ is 64% higher than that of sample E ͑0.35%͒. The improved performance of OA-capped CdSe SSC is mainly attributed to a higher value of J sc , implying a larger QD loading. Meanwhile, higher fill factors ͑FFs͒ of the OA-capped CdSe SSCs imply that the surface recombination was prohibited at the electrode/electrolyte interface through a better coverage of TiO 2 by QDs. Accordingly, V oc is also enhanced because the quasi-Fermi level in TiO 2 increases with the increase in the amount of the electrons injected from the CdSe QDs into the TiO 2 conduction band. 19 The higher performances of the OA-capped SSCs also attributed to a boarder light harvest range of the QDs. The incident photon to current conversion efficiency ͑IPCE͒ was measured for all the devices ͓Fig. 3͑b͔͒ in the range of 400-700 nm. It can be seen that with the increase in QD size, the absorption range extends to 680 nm for the 4.5 nm OAcapped device ͑sample D͒ and the 4 nm OA-capped cell ͑sample C͒ exhibits the best performance among all. The IPCE is 17.5% at 400 nm and for sample C, approximately 2.5 times higher than that of sample E ͑5%͒.
From Fig. 3͑c͒ , the devices using polysulfide electrolyte show the similar tendency as in Fig. 3͑a͒ with a higher I redox couple. Therefore, the PCE ͑͒ for QDSSCs using the polysulfide electrolyte is lower than their counterparts using I − / I 3 − system. A lower FF or V oc indicates more severe surface recombination at the electrode/electrolyte interface. And for polysulfide electrolyte, the lower FF and V oc can be attributed to the lower hole-recovery rate of polysulfide which leads to a higher probability for surface recombination. 20 For I − / I 3 − electrolyte, the devices' performance decreases gradually with repeated measurements, while no apparent changes were observed for the polysulfide system. As a result, the higher I sc values, indicate a higher stability of CdSe in the polysulfide than in I − / I 3 − electrolyte. Higher FF and can be expected by optimizing the electrolyte in the CdSe QDSSCs. 4 In conclusion, we have demonstrated that the OA can be used as the capping agent for CdSe QD to largely increase QD loading and light harvesting, and to suppress the recombination of separated charges. The overall photovoltaic performance of QDSSC with OA-capped CdSe photoanode showed 64% improvement over that of the QDSSC with TOPO-capped CdSe. 
